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Laser Photodissociation Dynamics of Thionyl Chloride: Concerted and Stepwise Cleavage of S-Cl
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The photodissociation of thionyl chloride (C1,SO) is of interest as a model system to study three-body fragmentation
processes, which can occur either in concert or stepwise. The photodissociation of this tetratomic molecule at
193 and 248 nm has been studied by laser induced fluorescence spectroscopy of the nascent SO fragment on
the B*Z—X3Z- transition in the region of 237-295 nm. Photolysis of CI,SO at 193 nm leads to an inverted
vibrational distribution for the nascent SO(X3Z-) with a population maximum at v/ = 2. The quantum yield,
&5% = 0.73 £ 0.10, has been measured by comparison of the SO(X?Z-) produced from SO;. The results
indicate a concerted three-body fragmentation mechanism as the primary dissociation channel. A Franck-
Condon/golden rule model elucidates the geometry prior to the fragmentation and suggests a direct dissociation
mechanism. The rotational- and spin-state distributions have been measured from the rovibronically resolved
spectra to support our model of the detailed dissociation mechanism. At 248 nm, the nascent vibrational
distribution was found to be bimodal. The vibrational state population distribution in »”= 0~2, which accounts
for most (~94%) of the nascent SO(X*Z-) population, was found to be thermal (T = 1000 £ 200 K),
suggesting a stepwise fragmentation process. About 6% of the nascent SO population has been observed in
other vibrational levels (v”” = 3-7) and most likely originates from the molecular elimination of Cl, from C1,SO.

Introduction

Real time descriptions of chemical processes have drawn a
great deal of attention recently in dynamical studies of various
chemical reactions, particularly in photodissociation reactions.!
Photodissociation of molecules can be separated, in principle,
into two major processes.” Thefirststepisthe electronic excitation
of the parent molecule through the absorption of a photon, in
which the initial conditions for the nuclear motion in the excited
electronic state are defined.? The second step refers to the
spontaneous decay of the parent molecule in the excited state
into the nascent products and is known as the final state
interaction.? For a photodissociation process producing three
fragments, the concepts of concertedness and/or synchronicity
need to be considered. A stepwise reaction is defined as one
which occurs in two kinetically distinct steps via a long-lived
intermediate, while a concerted reaction is one which proceeds
in a single kinetic step.® Some concerted reactions can be
synchronous, i.e., where all the bond-breaking events take place
with exactly the same rate and in phase.* In a multiple bond-
breaking photodissociative event, such as ABCD — AB + C +
D, if the bonds in the parent molecule fragment within a given
time, the process is considered to be in concert, otherwise it is
stepwise.® This defined time can be determined for the molecule
itself.¢ For the limiting case of a concerted dissociation, where
ABCD fragments into AB + C + D synchronously, the spatial
angular distribution of the fragments would be narrow. In the
opposite case, a stepwise dissociation, where D was to dissociate
first while ABC rotates freely about its center of mass prior to
its dissociation, an isotropic spatial angular distribution of
fragment C would result. Therefore, the rotational period of the
ABC intermediate provides an accepted criterion for distin-
guishing between a concerted and a stepwise process.> This can
be elucidated experimentally by measuring the spatial anisotropy
of the fragments.

The tetratomic molecule, thionyl chloride (C1,SO), offers an
excellent test case for three-fragment photodissociation studies.t#
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Several previous studies have examined various aspects of the
electronic structure of and photodissociation dynamics of C,SO.5-°
The ground-state molecular structure has been determined by
Suzuki er al. by using microwave spectroscopy.” The UV
absorption spectrum of C1,SO shows an origin near 300 nm with
two absorption maxima at 194 nm (¢ = 1.3 X 10-'7 cm?) and 244
nm (o ="7.1 X 10"'¥cm?).!° These absorption maxima have been
assigned previously to nci— os_ci* and ns — as_c* type electronic
transitions, respectively, by comparison with molecular orbital
calculations.®!! The vacuum UV absorption spectrum and
photochemistry of CI,SO between 116 and 135 nm has also been
studied by Okabe.!? Flash photolysis of this tetratomic molecule
was first investigated in the far UV region by Donovan et al. by
using transient absorption spectroscopy.!? Kawasaki ez a/. used
photofragment time-of-flight spectroscopy to investigate the
excimer laser photodissociation process of thionyl chloride.t They
found evidence for two distinct SO-producing channels in the
193-nm photolysis of C1,SO: three-body fragmentation to give
two Clatoms and molecular elimination of Cl,. Emission spectra
in the region of 220-340 were observed and assigned to SO(B —~
X) and Cl»(B — X) transitions following the 248-nm irradiation
of CI1,SO. These spectra most likely arise from secondary 248-
nm excitation of the nascent SO and Cl, fragments. No
information about SOCl was reported. Baum et al. have studied
the photodissociation of Cl,SO at both 193 and 248 nm, once
again by using photofragment time-of-flight translational spec-
troscopy and probing at m/e = 35, 48, 70, and 83 corresponding
to Cl, SO, Cl,, and SOC], respectively.® Their experiments lead
to the branching ratios shown in Table I for the ultraviolet
photodissociation.! A schematic energy diagram based on the
previously reported data®!4 was developed and is shown as Figure
1. Inthe photodissociation of C1,SO at 248 nm, channels (1) and
(2), with a branching ratio of 30:1, are the only operative
reactions.? In the molecular elimination channel, the nascent
products of SO(b!Z*) and SO(X?Z-) were found to have a ratio
of 9:1. No three-body dissociation (3) has been observed,? even
though it is energetically feasible following absorption of a 248-
nm photon (115 kcal/mol).3'4 An energy barrier may exist to
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Figure 1. A schematic energy diagram for the photodissociation of Clz-
SO at 193 and 248 nm.

TABLE I
AH s production yield®
CLSO + (kcal/mol) at 248 nm (%) at 193 nm (%)
—S0Cl + Cl 57.3 96.5 17 1)
—-S0+Cl, 51.3 35 3 )
—~SO+Cl+Cl 1085 80 (3)

prevent such a photochemical process from proceeding directly.
At 193nm, Baum et al. found that about 17% of the photoactivated
C1,SO molecules undergo single bond fission (1) and less than
3% proceed via the molecular elimination channel (2). Following
the homolytic cleavage (1) there may be further fragmentation
of SOCl into SO and Cl, either through a unimolecular decay or
via a secondary photodissociation. Both of these possibilities were
ruled out by experiments of Baumet al.® The possibility of further
fragmentation of Cl; into two Cl atoms was eliminated as well.?
The authors thus concluded that the remaining 80% of photo-
activated C1,SO undergoes a three-body dissociation (3).

Hirota and co-workers employed 193-nm photolysis of C1,.SO
as a source for infrared diode laser absorption studies of SO-
(a'A), which lies 18 kcal/mol above the ground-state SO(X3Z2-).!3
They found a branching ratio of 1:4 for SO(a'!A) to SO(X3Z").
The SO(a!A) radicals were produced with significant vibrational
(up to v” = 5) and rotational (up to N/ = 40) excitation. Stuart
et al. have investigated the saturation of SO(A-X) excitation
following the photodissociation of C1,SO with both narrow and
broad band KrF laser emission.'!® They measured SO(A-X)
absorption saturation fluence and determined the efficiency of
SO(A’IL) excitation with possible applications to an ultraviolet
energy storage laser. No photodissociation mechanism of C1,SO
was discussed in their report.

Investigation of the energy disposal into the rovibronic states
of the nascent fragment or fragments from the photodissociation
of molecules can reveal the detailed dissociation mechanisms.”!’
In the case of multiple bond breaking in a polyatomic molecule,
this can help distinguish whether the process occursin a concerted
orina stepwise manner.”!” While the previous experiments have
addressed the branching ratio from C1,SO photolysis based on
photofragment translational spectroscopy, the internal state
distributions of the nascent fragments are almost unknown. A
nascent vibrational distribution of SO(X3Z-,v”) from the pho-
tolysis of CI,SO at 193 nm was recently described by us in a
letter.” However, no rotational-state distributions of the nascent
SO(X3Z-) have been previously reported, and no detailed
dissociation mechanism, related to the energy disposal into the
internal states of the nascent fragments, has been addressed. We
report here our measurements on the nascent vibrational-,
rotational-, and spin-state distributions and the quantum yield
of the nascent SO(X3Z-) following excimer laser photolysis of
C1,S0at 193and 248 nm. The SO(X3Z-,v"”=0-7) was observed
directly by using laser induced fluorescence (LIF) spectroscopy
onthe B3Z-—X3Z- transition. Thesedata provide valuableinsight
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toward a more complete understanding of the 193 and 248 nm
photodissociation of thionyl chloride.

Experimental Section

The experiments were performed in a standard laser pump-
probe apparatus, which has been described in detail previously.”!8
Briefly, the purified sample, either neat or in buffer gas, was
flowed through a glass four-way cross which serves as the reaction
chamber. The glass cross is extended with glass arms at each
side, along the laser axis, to reduce the scattered light. Gas inlets
are located on the extension arms, while the outlet to the vacuum
is located near the reaction zone. Heterogeneous decomposition
of Cl,SO was minimized by using only glass, polyethylene, and
stainless steel components for the reaction cell and the inlet
system.! The system was passivated for about 0.5 h before the
experiment. The reaction cell was pumped to a vacuum of 10-3
Torr by a mechanical pump, and the pressure of the chamber was
measured at the exit by a capacitance manometer.

In our experiments, the reactant vapor, C1,SO, was photolyzed
with either the 193-nm (25-30 mJ/cm?) or 248-nm output (60—
70 mJ/cm?) of an excimer laser (Lambda Physik LPX205i),
operating on the ArF and KrF transitions, respectively. Nascent
SO radicals were monitored by laser induced fluorescence (LIF)
spectroscopy on the B32--X3Z- transition in the 237-295-nm
region of the spectrum. The probe laser in this region was
generated by frequency doubling (8-BaB,0, crystal) the output
of a Lambda Physik FL3002 tunable dye laser (dyes used:
Coumarin 460, Coumarin 480, Coumarin 503, and Coumarin
540A), which was pumped by a Lambda Physik LPX205i excimer
laser operated at 308 nm. The two lasers were collinearly
counterpropagated along the extension arm axis to maximize the
overlap region in the center of the reaction cell. Laser induced
fluorescence was viewed at 90° relative to the laser beam axis by
a high gain photomultiplier tube through longpass filters (Schott
WG295, WG305). The output of the photomultiplier tube was
processed and averaged by a gated integrator (Stanford Research
System (SRS); Model SR250), digitized (SRS; model 245) and
sent to a personal computer for screen display, data storage, and
analysis. The delay time between the two lasers was controlled
with a digital delay pulse generator (SRS; model DG535) and
was fixed between 300-2000 ns, while the frequency-doubled
output of the dye laser was scanned to collect the total fluorescence
signal to obtain a nascent LIF excitation spectrum. The photolysis
laser was operated at a repetition rate of 40 Hz, and each data
point represents the average of 10 laser shots. The LIF intensity
was found to be linear as a function of dye laser power, and the
signals, taken over a large wavelength region, were normalized
to the dye laser power.

Commercial thionyl chloride (Fluka, 299.5%) was purified by
doubly distilling under vacuum which leads to a colorless liquid.
The sample was prepared on a vacuum line containing only glass
and stainless steel. To remove possible SO, impurities,58 the
sample was continuously pumped at 0 °C for several minutes
before a day’s experiments. The residual SO, in a gas-phase
sample during the experiments was found to be less than 1% by
using laser induced fluorescence monitoring of SO,. Sulfur
dioxide (Air Products, 99.8%) was used directly as supplied, as
a calibrant and as an actinometer in the quantum yield
experiments. Helium (General Gases, 99.9%) was used directly,
without further purification.

Results

1. Vibrational State Distribution of Nascent SO(X32-). The
vibrational-state population distributions of the nascent SO(X3Z,
v") resulting from the photodissociation of C1,SO at 193 and 248
nm have been determined by using LIF excitation spectroscopy
on the SO(B3Z--X3?Z-) transition in the region of 237-295 nm
(see Figure 2). The vibrational bands terminating on the v’ =
1 level of the B state, (1, v” = 0-7), were used to determine the
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Figure 2. LIF spectrum of nascent SO(X3=--B3Z-) following the 193-
nm photolysis of 0.020 Torr of C1;SO. The delay between the photolysis
and probe laser was 400 ns. The origins of the vibrational bands have
been assigned from ref 19.

nascent vibrational population. Assignment of these bands was
accomplished by using Colin’s spectroscopicdata.!® The measured
integrated band areas under this spectrum were analyzed and
normalized for Franck—-Condon factors of the SO(B3Z--X32-)
transition to obtain the relative vibrational-state populations of
SO(X3Z-, v” = 0-7).20 While some discrepancy about the
accuracy of the Franck-Condon factors in the SO(B32--X3Z-)
transition exists for higher vibrational levels (v”> 6) of the upper
electronic state, the calculations for v’ < 6 have been shown to
be reliable through agreement with values obtained from Morse
potential curves.?? In the 193-nm photodissociation of thionyl
chloride, the LIF excitation spectrum was obtained under collision-
free conditions (0.020 Torr C1,SO, 400 ns probe delay). For the
248-nm photodissociation experiments, a 1-us delay time was the
minimum possible due to the strong scattered light and secondary
fluorescence from the pump laser. Helium (ca. 1 Torr) was blown
onto the reaction cell windows to minimize deposit buildup that
would subsequently reduce the amount of UV laser light passing
into the cell. Consequently, each SO radical undergoes ca. 10
gas-phase collisions prior to detection. While these collisions
may affect the nascent rotational-state distributions (see below),
the vibrational-state population distributions are virtually un-
perturbed. This result has been confirmed by recent studies of
the vibrational relaxation of sulfur monoxide in this laboratory,
which shows approximately 104 gas-phase collisions in helium
are required to completely thermalize the SO vibrational-state
distribution.2!

In the case of 193-nm photolysis, the vibrational-state distri-
bution of the nascent SO(X3Z-) has previously been reported by
this laboratory.” In those experiments, the nascent SO(X3Z-)
photofragment was probed by LIF spectroscopy on the A3I-X3Z-
electronic transition.” In the present experiments, the B-X
transition as opposed to the A-X transition was monitored to
improve our sensitivity for the higher vibrational levels due to the
larger Franck—Condon factors.2® The nascent vibrational-state
population of the SO(X3Z-) following the 193-nm photolysis (see
Table IT and Figure 3) has been observed up to v”” = 6, and the
distribution has been found to be inverted with a population
maximumof 35 £ 6%atv”=2. However, the nascent population
may peak in the adjacent state of v” = 1 (30 £ 8%). This
observation is different from the result previously reported by
Chen et al.,” where an inverted nascent vibrational distribution
with a population maximum at v” = 3 was observed. The
discrepancy in the measurements might be due to the weakness
of the A-X transition and the spectral overlap between the A—X

Wang et al.

TABLE II: Experimentally Obtained Vibrational State
Distributions of the Nascent SO(X3Z-) Following the
Photodissociation of C1,SO at 193 and 248 nm

relative population (%)

v” at 193 nm at 248 nm
0 <5 NETX

1 308 20%5

2 35+6 31

3 2004 0.5+0.2
4 Tx1 203

5 2@0.5 2.5+03
6 1£0.2 0.8+0.2
7 (0)s 02+0.1

2 No nascent population in the SO(X32-, v” = 7) state has been
measured following the photolysis of C1,SO at 193 nm
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Figure 3. Vibrational state distribution of the nascent SO(X32-, v*)
fragment following the photolysis of C1,SO at 193 nm. The filled symbols,
W, represents the experimentally observed distribution, while the open
symbol, 00, stands for a calculated distribution by using a Franck-Condon/
golden rule model (see text).

and B-X transitions. It may also have resuited from decom-
position and/or SO, impurities in the C1,SO sample in the previous
study.

Following the 248-nm UV irradiation of CI,SO, a bimodal
vibrational-state distribution has been found for the nascent
SO(X32-) fragment, as shown in Table II and Figure 4. In this
case, the majority of the nascent SO(X3Z-) population (94%)
was found in v”” = 0-2, while the remaining 6% populated v” =
3-7 with a second peak at v/ = 5. The signal intensity in several
vibrational states, e.g., (1,1) and (1,5) transition band, have been
measured as a function of the photolysis laser fluence and, in all
cases, was found to be linear, suggesting a single photon process
in the production of all the nascent SO(X32-) fragments. The
nascent population in the first three vibrational levels (v’ = 0-2)
of the SO(X3Z-) radicals can be fit to a Boltzmann distribution

P(v") = exp[-E,;p/KpT ;) 4

where E\;, is the vibrational energy of the corresponding levels.
The vibrational temperature, Ty, was found to be 1000 £ 200
K.

2. Rotational-State Distribution of Nascent SO(X3Z-). The
SO(B3Z-—X3Z-) LIF spectra, (e.g., Figure 5 and 6), have been
used for the measurement of rotational-state population distri-
butions following the 193-nm photolysis of C1,SO. Only six
branches, namely Py, Py, P33, Ryy, Ry, and Ras, are strongly
allowed for the SO(B-X) transition.!92223 P,, and R, were
resolved for N > 10 and 15, respectively (e.g., see Figure 6), for
our maximum spectral resolution (ca. 0.25cm-!), Theassignment
of these partially resolved spectra was made by calculating the
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Figure 5. (a) Laser induced fluorescence excitation spectrum of the (1,
2) band of the SO(B3Z--X32-) transition following the photolysis of
0.020 Torr C1SO at 193 nm. A probe delay of 400 ns was used. (b)
Simulated spectrum, assuming a Boltzmann rotational state distribution
(T = 1400 K) and a Gaussian spectral line profile (FWHM = 0.25
cm™!). For more information on simulation parameters, see text.

252 255

transition frequencies based on Colin’s spectroscopic constants.!®
These experimental spectra were calibrated by adjusting the
bandheads to the literature values. The agreement between
calculated rotational line positions and the experimental positions
was within 1 cm™!.

The population of a single rovibrational state P(v”, N”) is
related to the observed intensity of the LIF rovibronic transition,
I(v’, N' - v", N, by®

P@", Ny = I(v', N'—v",N")-g(J")/S(N', N} (5)

where S(IV/, N*) is the Honl-London factor? and g(J”) is the
rotational degeneracy, (277 + 1). The nascent rotational-state
population for the vibrational bands of (1, n), where n = 1-3,
could be directly obtained from P;; and/or R;; (cf. Figure 6),
because these two branches are nearly resolved for the higher
rotational levels, V> 10. By mapping our observed rotational-
state distribution on a Boltzmann plot, i.e., In[P/g(J’)] vs E-
(N"), we can obtain a linear least squares fit, with a slope of
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Figure 7. (a) Nascent rotational state distributions of the SO(X, v =
1-3) measured at 400 ns following the 193-nm photodissociation of 0.020
Torr C1;SO. (b) Semilog plot of relative population in the rotational
levels of the SO(X3Z-, v”) state, corrected to the rotational degeneracy,
g(N") = (2N”" + 1), versus the rotational energy, E:or. The solid lines
are linear least square fits to the data in the vibrational states of SO(X32-,
v” = 1-3), and each corresponds to a Boltzmann temperature (see text).

-1/kTo, from which rotational temperatures, Tro, for the nascent
SO(X3Z-) result. All the cbserved rotational-state distributions
for the nascent SO(X, v” = 1-3) from the photodissociation of
C1,S0 at 193 nm can be described by a Boltzmann distribution
(Figure7). Therotational temperatures of the nascent SO(X3Z-)
for v” = 1-3 were obtained and listed as follows:

v’ 1 2 3
Trat 1800 £ 400 K 1400 = 300 K 1300 £ 300 K

The rotational-state population of the nascent SO(X3*Z-) in
the lower rotational levels, i.e., NV < 10, cannot be obtained directly
from the spectrum because the corresponding spectral lines were
not resolved. This problem was addressed by spectral simulation.
A Boltzmann rotational-state distribution with a trial temperature
and a Gaussian profile (FWHM = 0.25 cm-!) for the spectral
lines were assumed to simulate the observed LIF spectra. The
spectral simulation, using the temperature obtained from the
Boltzmann plot of the rotational-state distribution at the higher
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rotational levels yields a close resemblance to the LIF spectrum
of the complete vibrational band, as shown in Figure 5.

Rotational-state distributions of SO(X,v” = 4, 5) were difficult
to obtain due to strong overlap of the rovibronic lines in the (1,
4) and (1, 5) vibrational bands. The nascent rotational state
distribution for »” = 0 was also not measured because the signal-
to-noise ratio was too small to give reliable data. For the
photodissociation of C1,SO at 248 nm, no nascent rotational state
population distribution for the SO(X*Z-) has been measured
because the radicals encounter ca. 10 gas phase collisions (20
mTorr C1,80; 1 Torr He; 1 us delay) prior to detection and the
corresponding rotational state distributions were, at least partially,
relaxed.

3. Spin-State Distributions of Nascent SO(X3Z-). For the
nascent SO(X?Z-) resulting from the photodissociation of C1,SO
at 193 nm, the spin-state distribution has been examined.
Kanamori et al. found a spin polarization ratio Fj:Fy:F; = 3:1:3
for the nascent SO(X, v”’ = 1) from the photodissociation of SO,
indicating a preference for spin parallel or antiparallel vs spin
perpendicular configurations.”® Inour experiments, we can resolve
Fy, F3, and F; at high N (>30) levels but cannot resolve F; and
F; for 10 £ N < 30. For N = 3047, we found F; = F; and
therefore assumed F; = F; for N = 10-30, where the two
components cannot be resolved. The population in F, was directly
obtained from resolved spectral lines, which allows us to compare
the spin states F; = F; vs F>. As an example, the result for
SO(X3Z-, v” = 1) is shown as Figure 8. Unlike in the case of
S0,,% the ratios for the nascent spin-state distribution, Fi/Fs,
were found to be close to unity. For v” = 2, the spin-state
distribution could be similarly obtained. Forv” = 3-5, however,
because of the overlap of the rovibronic transitions with different
rotational quantum numbers, the ratios can only be obtained
approximately by comparing the intensities of the spectral peaks
containing F; and F; with those containing F; and normalizing
them to the Hénl-London factors. These spin-state distribution
ratios (F,/F;) were averaged over all the rotational states in single
vibrational levels. The F)/F, ratios obtained for the nascent
SO(X3*2-) from photolysis of C1,SO at 193 nm have been found
tobe 1.0 £ 0.4 for v’ = 1; 1.1 £ 0.3 for v’ = 2; 0.9 £ 0.4 for
v"=3;09%04forv”=4and 1.2 + 0.5 forv” =5 (errors are
20). The spin-state distribution ratio cannot be measured in the
vibrational state of v” = 0 because the signal-to-noise ratio is too
small to give areliable result. Inthe case of the photodissociation
of C1,S0 at 248 nm, no spin-state distribution for SO(X3Z-) was
measured since the SO radical produced was no longer nascent
(0.020 Torr Cl1,SO; 1 Torr He; and 1 us delay) and the spin-state
distribution could be relaxed.

4. Quantum Yield of Nascent SO(X3Z"). The measurement
of the quantum yield of SO(X3Z-) production may provide insight
into the photodissociation mechanism of Cl,SO, particularly in
light of the fact that other electronic states of SO are energetically
allowed. Inour experiments, the LIF signal of a given rovibronic
transition corresponding to SO(X?Z-, v”” = 1) vibrational state
was used to measure the quantum yield. We use v”” = 1 because
this is the state where there is significant nascent population for
the case of the photodissociation of C1,SO at both 193 and 248
nm and for the photodissociation of SO; at 193 nm as well. The
LIF signal intensity was found to be linear with respect to the
concentration of SO(X3Z-) radical by varying the pressure of
sample gas, C1,SO or SO, around 0.020 Torr. One Torr of
helium was added as buffer gas, and a 2 us delay between the
photolysis and probe lasers was used to insure the rotational- and
spin-state relaxation. We recorded the LIF signal intensities
originating from SO(X*Z-) from the photodissociating C1,SO
and SO,, respectively, under identical conditions except for
photolysis laser fluence (25 mJ/cm? at 193 nm and 65 mJ/cm?
at 248 nm). The LIF signal intensity was the average of 2000
points, and the data we used for the quantum yield calculation
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was the average of 10 signals. The quantum vyield, ¥, of the
SO(X3Z2-) was derived as follows:

‘p «< ISO(I)/[U'P(U”)'PLaser] (6)

where the o is the absorption cross section of the parent molecule
at the corresponding photolysis wavelength, P(v”) is the fractional
nascent population in the vibrational state of SO(X32-,»”= 1),
and Ppae is the fluence of the photolysis laser. Because the
SO(X3*Z-) production is greater than 99.5% from the photolysis
of SO; at 193 nm,!’ we assume it to be unity. By comparing ¥
value from the photolysis of C1,SO at both 193 and 248 nm with
they value from the photolysis of SO, at 193 nm, relative quantum
yield, ®, of SO(X3Z-) from C1,SO were obtained.

Cl,SO _ ,,C1,80 1,80, _
<I)19%5nm = ¢193nm/\l’]932nm =0.73£0.10
ClL,SO _ ,,CLSO ;,S0, _
Q24?3nm = w24§nm/¢1932nm =0.13£0.07
The errors are statistical, based on the multiple measurements.
The large error of the quantum yield measurement in the case
of 248-nm photolysis most likely arises from the change of the

photolysis laser source and/or the change of the related optical
components.

Discussion

1. 193-nm Photodissociation. According to Strauss and
Houston,’ a concerted dissociation is defined as one in which all
the bond-breaking events occur on a time scale shorter than a
rotational period of the possible reaction intermediate, which, in
turn, allows anisotropic effects to be observed experimentally. By
measuring the internal state distributions of the fragment(s),
information about whether or not a photodissociation process
occurs in concert may be directly revealed. For example, in a
concerted process, the vibrational-state distributions of the
fragment(s) may reflect characteristics of the Franck—Condon
excitation, since the final state interactions are weak due to the
rapid cleavage of all the bonds. In this case, the distribution of
the fragment(s) may be inverted or nonstatistical, while in a
stepwise dissociation, a thermalized distribution of the product
states may be expected since a long-lived intermediate may allow
the statistical distribution and/or disposal of the excess energy.

Inour experiments, rotational-state distributions of the nascent
SO can be characterized by a single temperature, suggesting that
there is one major dissociation channel responsible for the
production of ground-state sulfur monoxide. The uniform spin-
state distributions (¥,/F, = 0.9-1.2 error = 0.4) for SO(X*Z-,
v” = 1-5) are also consistent with this hypothesis. The inverted
vibrational distribution of SO(X?Z-) that results from the C1,SO
dissociation indicates that both CI-S bonds break within a short
enough time so as to minimize final state interactions. Since no
spectroscopic data are available for OSC], the rotational period
is taken as 3 X 10-!2 s assuming the rotational constant B = 1
cm~! (typical order for nonlinear triatomic molecules) and N ~
10. The vibrational periods of OSCI, corresponding to the three
vibrational modes, are estimated from the data available for SSCl
to approximate the possible intermediate in our experiment.?
These vibrational periods are estimated to be 5 X 10-14, 5.6 X
104, and 9.8 X 10-!4 s, respectively. The order of these time
scales are assumed to be true for OSCl. From this estimate, the
intermediate, OSCl, would vibrate over 50 times in one rotational
period. Inthe case that the nascent SO(X*Z-) was produced via
a stable OSCI intermediate that lives longer than a rotational
period, the intramolecular vibrational energy randomization
during the lifetime of the intermediate would produce a ther-
malized, i.e noninverted, distribution. Thus the existence of a
stable OSCI intermediate is not likely in the photochemical
pathway for the production of nascent SO(X3Z-) following
irradiation at 193 nm. The major channel, which produces the
nascent SO(X3Z-) in the photodissociation of C1,SO at 193
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TABLE III: Energy Disposal into Different Degrees of
Freedom of the Nascent SO Photofragment Following 193-nm
Photodissociation of C1,SO Assuming a Concerted three-Body
Dissociation®

mode this work previous work?
EX 7.2
E® 31
EX. <11
ESO+ <28 26
Eotal <38.3

4 Reference 8. ¢ The available energy is 39.7 kcal/mol.

nm, most likely proceeds via a concerted dissociation mechanism
in which one S—Cl bond may break first, but the second one must
cleave within one rotational period of the assumed reaction
intermediate, OSCI.

To further address the major dissociation channel, the energy
disposal into the fragments was analyzed. The energy disposal
into the vibrational degree of freedom of the SO(X3Z-) fragment
was evaluated as the sum of the energy partitioned into each
vibrational level: E. = Z¢(E, - E,), where ¢, is the fractional
population in v”state obtained from Figure 3, and E, and E, are
the energy of the given vibrational level v”” and the zero point
energy of the electronic state, respectively. The average vibra-
tional energy, E.i, for SO(X3Z-) from the photodissociation of
C1,S0 at 193 nm was calculated to be 7.2 + 1.2 kcal/mol. The
rotational energy at each vibrational level was estimated by E,-
(") = kT, (v"), where T,y is the rotational temperature in the
given vibrational state, and the other variables are the same as
givenabove. Theaveragerotationalenergy, E., for the SO(X3Z-)
was estimated by L(KpTrocy)/ Lo and calculated tobe 3.1 £ 0.9
kcal/mol. The average internal energy disposal into the nascent
SO(X3?Z-) was found to be 10.3 * 2.1 kcal/mol.

The upper limit of the translational energy of the nascent
SO(X?*Z-) fragment was found tobe 11 % 2 kcal/mol by assuming
that the observed spectral line width of a single rovibronic
transition is its Doppler width. This assumption is at best an
upper limit since the observed spectral line widths are close to the
probe laser bandwidth. The average translational energy can be
calculated based on the kinetic energy of the nascent SO(X?32-).
Assuming three-body dissociation geometry, the following equa-
tions were used to calculate the total kinetic energy

MsoUso = 2mcyvcl-cos(a/2) (M
Eﬁ?r;m = 1/ z'(mso'vso2 + 2mc1'l’c12) (8

where m represents the mass, v is the velocity, and a is the angle
of CI-S—-C1 (~97°).3! Based on these equations, v¢c; = 1.03-vs0
and Epot2© = 2 56.E50 were obtained. The calculation yields
an upper limit value of Eﬁ?:;ZCI < 28 kecal/mol. This value is
consistent with the result of Baum et al. of 26 & 3 kcal/mol (peak
value) for the photofragment translational energy of SO + 2Cl
following 193-nm photolysis of C1,SO.% It is important to note
that if the two chlorine atoms dissociate in sequential steps, but
in less than a rotational period of CISO, then the average
translational energy release to the photofragments can be either
greater than or less than the value obtained here, depending on
the dynamics of each of the processes. The overall energy disposal
into the various modes of the nascent fragments is summarized
in Table III.

The total energy disposal into the three fragments SO(X32-)
+ 2Clisfound tobe 38.3 £ S kcal/mol if a three-body dissociation
is assumed, and Ejor?¢! = 28 kcal/mol (upper limit) was used.
This value is in close agreement with the total available energy
of 39.7 kcal/mol for CLSO + hv — SO(X3Z-) + Cl + Cl at 193
nm.? This energy balance analysis supports our hypothesis that
the SO in its ground state, X33, is most likely produced via a
concerted three-body dissociation (3). The production yield of
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the nascent SO(X3Z-) from the 193-nm photolysis of Cl,SO,
which was found to be 73 & 10% in our experiments, is consistent
with Baum et al.’s conclusion of 80% proceeding by the three-
body dissociation (3).8 These results suggest that most of the
nascent SO(X3Z-) population following the 193-nm irradiation
on CI,SO must be produced via the concerted three-body
dissociation channel (3) rather than the molecular elimination of
Cl; (2).

We have concluded thus far that the concerted three-body
fragmentation, C1,SO — SO + Cl + Cl, is the major dissociation
channel for C1,SO photolysis at 193 nm to produce SO(X3Z-).
This raises the question, Does the dissociation take place on the
potential surface of an initially excited repulsive state or is it a
predissociation where the molecule crosses from a bound excited
state potential to a repulsive surface? 2 Modeling the nascent
vibrational distribution may be useful in providing insight into
this question, if we can predict the C1,SO geometry immediately
prior to dissociation.”?’

Several research groups have applied a Franck—Condon/golden
rule treatment to model inverted vibrational distributions of
nascent products from elementary chemical reactions.”?’-3¢ This
model assumes a sudden transition from the “dressed” precursor,
e.g.,ABinthe parent molecule ABCD, tothe “undressed” diatomic
photofragment and calculates the probability, P(f) of forming
nascent AB in vibrational state, |f)

P(f) ~ (47° /Wil o(E) 9)

where |i} is the initial “dressed oscillator” state, corresponding
to SO in the parent molecule, e.g., SO in CI,SO, p(E) is the
density of the final states, and % is Planck’s constant. Morse
oscillator functions are used for |[f) and [i}. Application of this
model to the photofragmentation of C1,SO at 193 nm reveals the
bond length for the “dressed” S=O moiety prior to the dissociation
of this tetratomic molecule. Unlike in the case of SO,,” the S=0
bond length in the ground-state CLLSO (dso = 1.44 A)3! witha
trial vibrational frequency of 1200 cm-! leads to close agreement
with the LIF measured SO vibrational distribution, as shown in
Figure 3. This result suggests a direct dissociation mechanism,
i.e., excitation of the ground state to a repulsive state, may be
operative. A direct dissociation is consistent with the following:
(i) our observation of unity spin-state distribution ratios are
consistent with a direct dissociation mechanism where no potential
surface crossing, which may produce spin polarization,? is
operative; (ii) the C1,SO absorption band near 193 nm is assigned
to ng) — o*s_¢i®'° which may lead to an immediate rupture of
both S—CI bonds; (iii) the hypothesis is also consistent with the
Baum et al. claim that the anisotropy of all the fragments from
the photodissociation of C1,SO at 193 nm could be accommodated
by one initially excited state of A” symmetry.! On the other
hand, if a predissociation via an excited state with a different SO
bond length was assumed, then dgo = 1.61 A and » = 1100 cm!
would be required to fit our LIF observation. Such a significant
(12%) elongation of the S==O bond is not likely since the ng —
wso* transition which could lead to the elongation of the S=0
bond is far tothe red of 193 nm (A > 250 nmS). A smalldifference
between the observed and predicted distributions exists and may
suggest the involvement of final state interactions. Further
investigation, especially the rotational state distribution depen-
dence on the initial thermal conditions of the parent molecule,??
is needed to clarify whether the C1,SO dissociation is direct or
indirect.

Besides the major dissociation channel, there may be some
minor photochemical pathways which are also responsible for
the production of nascent SO in the photodissociation of CLSO
at 193 nm. One could be the secondary dissociation of the OSCl
intermediate, while another could be the molecular elimination
channel (2).% Folllowingthe radical elimination channel, a further
cracking of OSCI into SO and Cl is possible, either via a
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unimolecular decay or via a secondary photodissociation. The
latter is ruled out in the experiments of Baum et /.8 Much lower
photolysis laser fluences are used in our experiments (0.25 mJ/
mm?) in comparison with theirs (700 mJ/mm?), which allows us
to also rule out such a possibility. Furthermore, our observed
signal intensities are linear with respect to photolysis laser flucnce.
Since we observe an inverted vibrational distribution with almost
no nascent population in v”” = 0, it is not likely that the OSCI
thermal decay contributes significantly. Baum er al. report that
as much as 17% of the photoactivated Cl,SO dissociates via
elimination of Cl to produce OSCL.2 Decay of this OSCl should
yield an observable population in the v”” = 0 state, since most of
the SO(X3Z-) produced by OSCI decay would be expected to
produce the ground vibrational state. For the photodissociation
of dimethyl sulfoxide (DMSO) at 193 nm, 14% of the nascent
SO(X3Z-) population is found in the vibrational ground state
under similar photolysis conditions, which serves as an indicator
of the LIF measurability of SO(X, v” = 0).33 No nascent
population was measured for v”” = 0 in the photodissociation of
C1,SO at 193 nm, even when the (2,0) and (3,0) transitions were
used to probe the ground state. The Franck—Condon factors for
these transitions are reported to be 4-10 times larger than for the
(1,0) transition.2® We estimate that less than 5% of the nascent
SO(X3Z-) produced in the 193-nm photolysis of Cl,SO has
population in v = 0, by comparison with the signal of the same
bands following the photolysis of DMSO at 193 nm.3

The molecular elimination channel may produce SO(X32-) +
Cl,(B*I1*), which is allowed under spin selection rules,?34 and
has been studied by Baum et al. to have a quantum yield of 3%.}
Following the molecular elimination, Cl, may undergo further
dissociation to yield Cl + Cl. However, no electronically
predissociative states of Cl, in the accessible energy range are
available, and tunnelling the centrifugal barrier of a rotational
metastable state is not likely for chlorine due to its large reduced
mass.? Therefore, besides the primary three-body dissociation,
the most likely production chemical for SO(X?Z-) is molecular
elimination of Cl,.%

Our experiments still fail to account for the fate of all the
photoactivated C1,SO. Baum et al. found direct evidence for the
presence of OSCl (m/e = 83) following 193-nm photolysis of
CLLSO, most of which they believed to be in an electronically
excited state. Another possibility is that this discrepancy could
be ascribed to the production of nascent SO in other electronic
states, such as a A state, investigated by Kanamori et al. with
an infrared diode laser,!’ or the b!Z state. Further studies are
still needed to clarify this issue.

2. 248-nm Photodissociation. Photodissociation of C1,SO at
248 nm can proceed energetically along the same three pathways
as at 193 nm, but Baum et al. claim that only the molecular
elimination of Cl, (2) and/or the radical elimination of OSCI (1)
areoperative.! Nofurther fragmentation of OSCI, deriving from
the initial photoactivation, was found in their experiments.
However, nascent SO(X3Z-) has been observed in our experiments
for the same photodissociation and is produced with a bimodal
vibrational distribution. The production yield for the total nascent
SO(X3=-) has been measured as 13 + 7% in this case, and the
first three vibrational levels (v = 0-2) accounted for 94% of the
nascent SO(X3Z-) population. The nascent SO(X3Z-,v”=0-2)
was found to observe a Boltzmann distribution, suggesting a
stepwise mechanism involving the unimolecular decay of OSCI
into SO and Cl. The vibrational temperature of the nascent
SO(X3Z-) for v” = 0-2 has been found to be T, 1000 £ 200
K. To further characterize the dissociation mechanism, the
experimental data were fit to a prior distribution calculated by
an information theoretical model, in which the total energy
conservation is considered and the conservation of angular
momentum is neglected.?>-37 The pure statistical expectation for
the nascent vibrational distribution for a chemical reaction
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involving AB + C has been formulated as follows3’

Po(v”]Etot) = (Etot - Eu”)s/z/Z(Etot - Ev")3/2 (10)

where Ey, is the operative excess energy (set as a trial variable)
in the spontaneous dissociation of OSCl — SO(X32-) + C), E,»
isthevibrational energy corresponding to the individual vibrational
levels, and P°(v”{E:) stands for the prior expectation for the
vibrational population. The observed vibrational distribution was
fit by a calculated distribution from the above model by varying
E\... The excess energy, E,x = 9.1 kcal/mol, was found to give
the best fit of the data (see Figure 4), v”’ = 0-2, which is in close
agreement with the excess energy (7 kcal/mol) for the process:
CLL,SO + hv (248 nm) — SO + Cl + Cl.8 The small difference
between the fit value and the thermodynamic data may correspond
to the contribution of the zero-point energy prior to the secondary
fragmentation. Higher excess energy, E.o, canlead to population
in the higher vibrational states, e.g., v/ = 3. However, no
calculated distribution containing population in »” = 3 was found
in close agreement with our observed LIF data, indicating E;y
= 9.1 kcal/mol is the best fit excess energy. The nascent
population in the vibrational levels of v”/ = 3 and higher are not
likely to be produced via the unimolecular fragmentation of the
OSCl intermediate.
The information content is defined as®

I=Z-P("E,)In[P(vE,)/P°(v"E,,)] (11)

which serves as a direct measure about the deviation of the
observed vibrational distribution, P(v"}E\), from the statistical
prior expectation, P°(v"|E,,). In the limiting case, where the
observed distribution matches the prior expectation in all the
vibrational states, the information content, 7, should be zero.3*
Otherwise, it is a positive value which implies deviations from a
pure statistical character. The value of I has been found to be
0.04 + 0.02 from our observed data, which indicates a small
deviation from a statistical distribution determined purely from
the principle of maximum entropy. Thus, the unimolecular
fragmentation of OSCI is believed to be responsible for the
production of the nascent SO(X, v” = 0-2) in the photodissociation
of C1,S0 at 248 nm. The average vibrational energy in the SO-
(X,v”=0-2), which is 2.6 £ 0.5 kcal/mol according to our LIF
measurements, accounts for 29% of the total excess energy of E,y
=9.1 kecal/mol, again in close agreement to the prediction (E,./
3) by a pure statistical vibrational energy disposal model in the
OSClintermediate.>” The different mechanisms for the primary
dissociation channels, which produce SO(X3Z-), in the laser
photolysis of C1,SO at 193 and 248 nm are summarized in Figure
9.

The nascent population in the SO(X3Z-, v” = 3-7) in the
photolysis of C1,SO at 248 nm cannot be produced energetically
via a three-body fragmentation, either concerted or sequential.
Photodissociation involving a multiphoton process was ruled out
because the LIF signal of the SO(B, 1-X, v”) transitions, e.g., for
v”=4and 5, were found to be linear with respect to the photolysis
laser fluence. The nascent population in SO(X3Z-) for v” = 3-7
is most likely produced by the molecular elimination of Cl, from
CI1,S0 since it is the only energetically allowed (single 248-nm
photon) channel for the production of the nascent population in
these vibrational states. The 248-nm photolysis provides a good
source for the investigation of the molecular elimination channel
(2) in the dissociation of C1,SO. Inthe photolysis at 193 nm, the
minor molecular elimination channel (2) has been obscured by
the primary three-body dissociation process (1), since both seem
to produce inverted vibrational distributions. At 248 nm, the
stepwise dissociation process dominates the SO(X3Z-) production,
but it is separated, by the nascent vibrational levels produced,
from the molecular elimination channel (2). Thestepwise channel
can only populate the SO(X*Z-) up to v”” = 2. The rest of the
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Figure 8. (a) Nascent rotational state distributions of the SO(X3Z-, v”)
measured at 400 ns following the 193-nm photodissociation of 0.020 Torr
C1,SO. O represents the population in the spin state Fy or the average
in both F; and F; when the two states cannot be resolved in the region
of N = 10-30. The insert shows the comparison of the population in F;
(0) and F; (@) states. (b) The spin state distribution ratio of F,/F, for
SO(X32-,v”=1-3). Thedashed line,— —, representsthe error (2¢). The
averaged Fy/F, ratio is found to be 1.0 @ 0.4 for v = 1.
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Figure9. A schematic diagram showing the different primary dissociation
mechanisms for the photodissociation of CI,SO at 193 and at 248 nm.

vibrational levels, v’ = 3-7, provide a clean SO(X3Z-) source for
the investigation of the molecular elimination channel (2). Baum
et al. found a 3.5% quantum yield for this molecular elimination
channel and a 9:1 branching ratio for the b!Z* and X3Z- states,$
respectively, thus giving a small quantum yield of 0.35% for the
production of the SO(X?Z-) via this process (channel 2). Our
LIF quantum yield observation of less than 1% for the total nascent
population of SO(X3Z-) in the v = 3-7 levels is consistent with
their observation.

Even though the total population for this photochemical channel
is small, the nascent vibrational distribution of SO(X3Z-, v” =
3-7) was found to be inverted with a population maximum at v*
= 5. Theinverted vibrational distribution indicates a fast process,
which is consistent with the nature of the molecular elimination
of Cl,.8 The Franck—-Condon/golden rule model (see above) using
an S=0 bond length consistent with ground-state C1,SO (1.44
A)3 cannot rationalize an inverted vibrational distribution peaked
atv” = 5, suggesting an indirect dissociation. In order to obtain
a calculated vibrational distribution to fit our data (see the insert
plot of Figure 4), an elongated S=O bond length of about 1.8
A was required. This may be consistent with the partial overlap
between the transition of ng — mgo* (A > 250 nm°®) and the laser
radiation at 248 nm, and, thus, photoactivation of Cl,SO may
produce significant elongation of the S=—O bond via the ng —
wso* transition. A second possibility is the dissociation of the
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highly vibrationally excited ground electronic state Cl,SO
following internal conversion from the initially prepared state.

The average vibrational energy of the SO fragment via the
molecular elimination of Cl; was calculated to be 15.5 kcal/mol
by using the same procedure as for the case of the photolysis at
193 nm, assuming that no population in the vibrational levels of
v’ = (0-2 was produced from channel (2). The nascent rotational
state distributions of the SO fragment were not probed directly,
but we assume the results of E,,; = 3.1 kcal/mol from the 193-nm
case as an estimate. The total translational energy for SO + Cl,
was taken from the peak value (24 kcal/mol) of ref 8. The only
energetically allowed state of Cl; is the ground state, X!Z+3.39
An energy balance analysis leaves 21.3 kcal/mol to be disposed
into the internal states of the nascent Cl,. This large amount of
internal energy into Cl, is consistent with the large change in
CI—Cl distance in going from CL,SO (3.09 A)3! to Cl, (2.44 A)%
via a three-center transition state. Consequently, significant
vibrational excitation may result from the formation of the Cl-
Cl bond in the 248-nm photodissociation of CI,SO.

Summary and Conclusions

Following the 193-nm photodissociation of CI,SO, the nascent
vibrational state distribution of SO(X3Z-, v”/ = 0-6) is found to
be inverted with a population maximum at v”” = 2 by using laser
induced fluorescence (LIF) spectroscopy of SO(B3Z—-X3?Z-) in
the region of 237-295 nm. The nascent rotational state distri-
butions of SO(X3Z-) for v”/= 1, 2, and 3 have been obtained and
can be characterized by a single temperature distribution. The
spin-state distributions have been found to be unpolarized (Fy/F,
= 0.9-1.2 error = +0.4) for all the vibrational states measured.
The primary quantum yield for the production of SO(X3Z-) was
measured to be @é?)’(‘}{’;= 0.73 £ 0.10. The single temperature
rotational-state distributions and uniform spin-state distributions
suggest that one primary dissociation channel is responsible for
thenascent SO(X32-). Theinverted vibrational-state distribution
of the nascent SO(X3Z-) fragment indicates that this dissociation
channel is a concerted process in which both S—CI bonds cleave
within ca. 10-12s, Quantum yield measurements and an energy
disposal analysis support the concerted three-body fragmentation
to produce SO + Cl + CI, as the major dissociation channel. A
Franck—Condon/golden rule model elucidates the dissociation
geometry as similar with the equilibrium structure of the ground-
state C1,SO, suggesting a direct dissociation. The unity spin-
statedistribution ratios are also consistent with a direct dissociation
mechanism. Other minor dissociation channels, such as molecular
elimination of Cl, and the production of SO in electronic states
other than X3Z- cannot be ruled out.

Photolysis of C1,SO at 248 nm produces a nascent vibrational-
state distribution of SO(X3Z-) that is characterized as bimodal.
The data are consistent with production of SO(X3Z-) by two
different processes, a stepwise fragmentation of the S-Cl bonds
and a molecular elimination of Cl; via a three-center transition
state. The two channels are well-separated in the production of
the nascent SO(X3Z-, v”) in different vibrational levels (v").

The detailed results described here have provided valuable
insight into the nature of multiple bond photofragmentation
processes. The two wavelengths employed delineate distinct
photochemical behaviors and are suggestive of possible state-
selective behavior. Future studies aimed at exploring the
wavelength region in between those used here, may provide crucial
information toward a greater understanding of multiple bond
photofragmentation. These experiments are ongoing in our
laboratory.
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